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Phosphoinositide metabolism measured in invertebrate
and vertebrate retinas has distinctive features. Light
affects phosphoinositide metabolism in photoreceptor
cells (Anderson& Brown, 1989,for review) as well as in
horizontal cells of Xenopus laevis.(Anderson & Holly-
field, 1984). The turnover rate of phosphatidylinositol
(PI) is about 10 times faster than that of phosphatidylcho-
line or phosphatidylethanolaminein rod outer segments
(ROS) and the remaining membranesof the retina (Choe
et al., 1990). The rapid turnover of PI indicates that
phosphoinositidemetabolism may be actively involved
in signal transduction in the retina. It is now well
establishedthat diacylglycerol(DG) is a potent activator
of protein kinase C and is rapidly phosphorylatedby DG
kinase to form phosphatidicacid (PA). From PA, via four
consecutive reactions, phosphatidylinositol4,5-bisphos-
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phate (PIP2) is synthesized. Choe et al. (1990) have
shown that the enzymesrequired for the recycling of DG
to produce PIPz are present in frog retinal membrane,
indicating the presence of active phosphoinositide
metabolismin frog retina.
It is well known that glutamate receptors are very
abundant in the central nervous system. Glutamate
receptors can be categorized into two distinct groups
termed monotropicand metabotropic receptors (Mona-
ghan et al., 1989; Sugiyama et al., 1989; Nakanishi,
1994). Monotropicglutamate receptors have been sub-
classifiedand are commonlyreferred to as: (1)IV-methyl-
D-aspartate(NMDA); (2) kainate (W); and (3) quisqua-
late (QA) or u-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA). These receptors are ligand-gated
integral ion channels.The metabotropicreceptorsare: (1)
L-2-amino-4-phosphonobutyrate(L-AP4);and (2) trarzs-
l-aminocyclopentane-1, 3-dicarboxylic acid (ACPD).
The ACPD receptor, which was the most recently
defined, was suggested to be involved in modifying
inositolphosphates’(IPs) metabolism.This metabotropic
receptor mediates intracellular signal transduction func-
tionsvia its couplingto GTP-bindingproteins(Sugiyama
et al., 1987; Schoepp et al., 1990). Boss and colleagues
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(Boss et al., 1992), on the other hand, have shown that
certain electrophysiological effects of ACPD are
mediated by a metabotropic glutamate receptor that is
distinct from the phosphoinositide hydrolysis-linked
glutamate receptor. In preparationsfrom numerousparts
of the rat brain, Fotuhi and coworkers (Fotuhi et al.,
1993) observed different locations for the metabotropic
glutamate receptors and the IP3 receptors. Molecular
studies have shown the metabotropicgroup of receptors
to be a heterogeneousone, with its members differing in
their functional characteristics and pharmacology
(Schoepp & Corm, 1993). Five metabotropic glutamate
receptors have been cloned that have distinctdifferences
in their signal transduction and expression patterns
(Houamed et al., 1991; Masu et al., 1991; Abe et al.,
1992; Tanabe et al., 1992). Two additional clones of
metabotropic glutamate receptors have recently been
reported, one of which is a variant to a previously
characterizedclone (Pin et al., 1992),while the other has
not yet been functionally expressed (Nakanishi, 1992).
More recent work indicates there are eight subtypes of
metabotropicglutamate receptors (Nakanishi, 1994).
Many cell types of vertebrate retina have been shown
to use glutamate as a neurotransmitter (Massey, 1990).
These include rods, cones, rod bipolarcells, ON and OFF
bipolar cells having contact with cones, and ganglion
cells. Osborne (1990) reported that the excitatory amino
acid agonists,QA, KA, and NMDA, showed an effect on
[3H]IPslevel in rabbit retina. Among these agonists,QA
was found to be the most potent in stimulating the
formation of IPs. He concluded that the. retina has a
specificphosphoinositide-coupledQA receptor subtype.
In this study we expanded the study of Osborne by
investigatingphosphoinositidemetabolismin frog retinas
in responseto excitatoryamino acid agonists.The effects
of excitatoryamino acid agonistson [3H]IPsformationin
retinas and retinal synaptoneurosomesprelabeled in vitro
with [3H]inositolwere determined.Similarly, the effects
of these same agonists on the 32P-labelingpattern of PI
cycle intermediateswere tested using retinas prelabeled
with 32P04in vitro. Finally,we explored the relationship
between stimulated [3H]IPs production and the 32P-
labeling pattern of PI cycle intermediates.These results
would further define the glutamate receptor(s)present in
retina which are coupled to phosphoinositide metabo-
lism.
M
Materials
Myo-[2-3H]inositol (14 Ci/mmol) and [32P]P04
(10 mCi/ml) were purchased from Amersham. Phytic
acid was purchased from Sigma Chemicals. The amino
acid analogs and other agonists were purchased from
Sigma or from Tocris Chemicals (U.K.). Precoated thin-
layer plates (KG silica-gel60, 10x 20 cm, 250 mm)were
from Whatman. ACCELL QMA SEP-PAKSwere from
Waters Associates.
Agonist effects on 32P-labelingpattern in retinas
Dark-adapted frogs were decapitated and the retinas
were dissected in Ringer’s–bicarbonate–glucose(RBG)
buffer containing 120mM NaCl, 5.1 mM KC1,1.25 mM
CaC12,1.25 mM MgS04, 25 mM NaHC03, and 10 mM
glucose (pH 7.4). Retinas were pulse-labeled using a
modification of the in vitro incubation protocol pre-
viously described (Hoffman & Basinger, 1982). Briefly,
after removal of pigment epitheliums,retinas were pulse
labeled for 10 min in RBG containing [32P]P04(10 pCi/
0.1 ml RBG/retina) at ambient temperature. Following
pulse-labeling,retinaswere removed from the incubation
medium and washed by immersion in radioisotope-free
RBG to remove unbound [32P]P04. Retinas-
transferred to radioisotope-free RBG (0.1 ml
retina) containing 1.25 mM KH2P04. A 50 min
were
RBG/
chase
P
P
5
FIGURE 1. Autoradiogramof separation of 32P-labeledlipids. Lipids
were separated by one-dimensional thin layer chromatography as
described.Lanes5, 10, 15,20, and 25 designate increasingamountsof
lipid.
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FIGURE 2. Electron micrograph of a representative preparation of synaptoneurosomes.Preparation is as
described under Methods.Magnification:16000x.
was undertaken in the dark at ambient temperatureunder
a continuousstream of 95~o02–5% C02. Following the
chase the retinaswere cut in half on a wax plate and each
half retina was treated with 1 ml RBG containing a
chosen agonist for 5 min. The reactionwas terminatedby
transferring the half retina to a tube containing 1 ml
chloroform/methanol/cone.HC1(100:100:1,by vol). The
tube was shaken vigorously and the delipidated retina
was removed. This was followed by the addition of
0.2 ml of 0.2 N HC1 to the tube to make the solution
biphasic. The upper phase was discarded and the
remaining organic phase was washed twice with 0.3 ml
synthetic upper phase (chloroform/methanol/O.2N HC1,
3:47:50, by vol). The organic phase was evaporated to
dryness under Nz and redissolved in 200 pl chloroform/
methanol (2:1, by vol). Phospholipids were then
separated by one-dimensional TLC in chloroform/
methanol/methylamineiH20 (100:80:10:10, by vol).
The resolved lipids were localized by autoradiography
(Fig. 1), and the radioactivity was determined as
describedby Choe et al. (1990).
Agonist effects on [3H]ZPSaccumulationin retinas
Isolated retinas prepared as described above were
prelabeIed by incubating for 2 hr in RBG containing
[3H]inositol (5 pCi/O.5ml RBG/retina) at 24°C under
95% 02–5% COZ atmosphere. Following washing by
immersionin radioisotope-freeRBG to remove unbound
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[3H]inositol,the retinaswere cut in half and transferredto
radioisotope-freeRBG containing10 mM LiC1.LiCl was
added to block degradationof inositolmonophosphateto
inositoland thus the breakdownof PI cycle intermediates
(Allisonet al., 1976;Shermanet al.,1981; Berridgeet al.,
1982). Each half retina was treated with 1 ml RBG
containing the chosen agonist and 10 mM LiCl for
15 min. The reactionwas stoppedby transferringthe half
retina to a screw-capped tube containing 20 ~g phytic
acid hydrolysate as carrier (Wreggett et al., 1987) and
adding 1.8 ml chloroform/methanol(1:1, by vol). Water
solubleproductscontainingIPs were separatedby adding
0.9 ml water to the tube, followed by vortexing and
centrifugation.An aliquotof organicphasewas saved for
the determination of total radioactivity. According to
TLC analysis,greater than 98% of the label in the organic
phasewas used as the DPM of [3H]PI.The distributionof
PI cycle intermediates was determined by TLC as
described above.
Agonist eflects on [3H]IPs accumulation in retinal
synaptoneurosomes
Synaptoneurosomeswere prepared using a modifica-
tion of a procedure previously described by Hollings-
worth, et al. (1985) and sectionsof the preparationwere
taken for electron microscopy (Basinger et al., 1976).
Briefly,retinaswere dissectedfrom dark-adaptedfrogs in
RBG buffer, stripped of rod outer segmentsby vortexing
for 1–2 rein, and transferred to a glass homogenizer
containing 0.2 ml RBG/retina. The retinas were homo-
genized by hand with 10 strokes of a glass pestle. The
suspension was filtered through a 37 pm mesh nylon
cloth (Spectramesh N). The filtrate was centrifuged at
1000g for 7 min and the pellet was resuspended by
vortexing in RBG (0.2 ml/retina). To remove any
aggregates present in the resuspended solution, the
suspensionwas poured into a small Petri dish and only
the homogenizedsolutionwas saved.Unsuspendedpellet
(aggregates)were discarded.An electronmicrographof a
representativesynaptoneurosomepreparationis shownin
Fig. 2. The resuspendedpellet was pulse-labeledfor 1 hr
in [3H]inositol (10 pCi/O.2ml RBG) at 24”C. LiCl was
added to 1 mM and the suspension was centrifuged at
1000g followed by one washing with RBG containing
1 mM LiC1. The pellet was resuspended (0.2 ml RBG
containing 1 mM LiC1/retina)and any aggregatespresent
in the suspensionwere removed as describedabove. The
suspension was treated with the chosen agonist for
15 min. The reaction was terminated by the addition of
chloroform/methanol(1:1, by vol) and 20 pg phytic acid
hydrolysate.The water soluble and organic phases were
treated as described above.
[3H]ZPSseparation and measurement
Total [3H]IPswere determined by applying the water
solublefraction to ACCELL QMA anion-exchangeSEP-
PAKs as described by Wreggett and Irvine (1987).
Briefly, 1.4 ml of the water solubleproductsseparatedas
described above was brought up to 4 ml with water and
loaded onto a SEP-PAKcolumn (previouslywashed with
water). The column was washed with an additional6 ml
of water to elute free inositol.Glycerophosphoinositides
were eluted with 10 ml of 5 mM disodium tetraborate.
The IPs were then eluted with 10 ml of 1.0 mM
ammonium formate/O.lmM formic acid. The column
was washed with 5 ml formate followed with 10 ml of
water. A 3 ml aliquot of the eluted IPs was removed for
counting.
Data analysis
Data were normalized with respect to phosphatidyl-
inositide (PI) content and the levels of IPs formed were
expressed as percent (i.e. IPs in DPM per PI in
DPM x 100). PI content was determined by removing
an aliquot from the organic phase for scintillation
counting as described above. For statistical analyses, a
one-tailed Student’s t-test was used to determine P
values.
R
Effect of agonist on [3H]ZPSformation in whole retina
Table 1 presents the effects of carbachol (CARB)
which is both a nicotinic and muscarinic agonist,
glutamate (GLU), and several glutamate analogs on IPs
formation in frog retinas. Both CARB and GLU
stimulated IPs formation at concentrations of 100 ,uM
and 5 mM, respectively. Among the glutamate analogs
KA, QA, and AMPA were most effective. In contrast, L-
AP4, NMDA, IBO, and ACPD had no significanteffect
on IPs formation.The maximalextent of stimulationwas
obtained with KA, where the ratio of [3H]IPs/[3H]PI
induced by 100PM KA was 177$Zof the control value.
Although the stimulation by QA and AMPA was to a
lesserdegreethan thatobtainedwith KA, the levelsof IRs
producedwere still 154%and 134%,respectively,of the
control levels. In the presence of COC12(added to block
TABLE 1. Effect of agonist on [3H]IPsaccumulationin frog retinast
[3H]IPsx 100/[3H]PI % Control n
Control 63.9k6.9 100 19
CARB(100 PM) t38.4t 19.6” 138 8
GLU (5 MM) 110.6~ 14.0’ 173 4
L-AP4(200pM) 51.8t0.2 81 2
NMDA(100pM) 74.2*7.1 116 2
KA (100PM) 113.4* 12.4” 177 4
QA (100pM) 98.4&25.8” 154 19
IBO (100pM) 55.8* 7.4 87 3
ACPD (100 jsM) 56.8t5.l 89 5
AMPA (100flM) 85.7* 15.2’ 134 7
COC12(1 mM) 56.7&5.7 88 9
COC12+ CARB 104.3+ 10.6 184$ 7
COC12+ AMPA 75.2* 1.5 1344 3
“P<0.01, when comparedto the correspondingcontrol group.
‘f’Retinaswere prelabeled with [3H]inositol for 60 min. Agonist
treatments were done in the presence of 10mM LiC12.Values,
expressed as ratio of [3H]IPsto [3H]PI,are meant SEM of data
from 2–19 half retinas.
$COC12(1 mM) was used as the control and set at 100%.
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TABLE 2. Effect of agonist on 32Pradioactivityof PI cycle intermediates in frog retinas?
[32P]PA [32P]PI [“P]PIP [“P]PIP* n
(% of total lipid radioactivity) -
Control
CARB(100 jJM)
GLU (5 jJM)
L-AP4(200 PM)
NMDA (100 PM)
KA (100 PM)
QA (100PM)
IBO (100KM)
ACPD (100 KM)
AMPA (100 MM)
13.9* 2.1
17.1* 1.7”
21.6~2.9*
13.1f 1.2
17.0~2.1”
23.5&2.2”
21.1* 1.2*
13.8f 2.1
15.5&2.6
19.3~ 1.6”
30.9jz2.8
29.1*4.2
28.8* 1.4
28.6* 1.1
29.8* 1.4
26.8~ 1.7
27.4* 1.8
30.4+ 1.3
30.1i 1.1
28.2* 1.9
22.3~2.O
22.4~2.4
18.7tl.6’
22.3~1.O
19.3~1.2”
18.7Y3.2*
18.5t0.9”
25.Otl.5
23.0~1.l
22.5tl.O
22.6*3.3
22.4*4.2
19.7fl.l
24.9*1.6
21.7~1.4
19.7&2.O
22.4~2.O
20.9~3.2
20.ltl.8
20.0*2.1
12
6
6
3
6
12
6
6
6
6
*P< O.Ol,when comparedto the control group.
‘tRetinasweremelabeledwith 32P0iby amdseof10minfollowed by a50minchaseinvk.Values are shownasmean~SEMofdata obtained
from 3-12halfretinas.
synaptictransmissions),thelevelsofIPs decreasedwhen
compared to control levels. When CARBwas added in
the presence of COCIZ,the levels of IPs increased to
184’%ofcontrols containingonly CoClz.
3 2ofpI cycleEffect ofagonist on the
intermediatesin whole retina
Changes in 32p-labelingof the PI cycle intermediates,
phosphatidic acid (PA), PI, phosphatidylinositol 4-
phosphate (PIP), and PIP2, by treatment with various
agonists were determined in frog retinas (Table 2).
Again, both CARB and glutamate significantly altered
the 32P-labelingpattern of the intermediates.Among the
intermediates, PA radioactivity was significantly in-
creased by CARB or glutamate treatment,while the only
decrease in labelingwas in PIP after glutamatetreatment.
When glutamate analogs were tested, NMDA, KA, QA,
and AMPA were effective in increasing the labeling of
PA and in slightly decreasing that of PIP. Among these
analogs, KA was the most effective in increasing the
labeling of PA and in decreasing that of PIP. In contrast,
L-APQ, IBO, and ACPD did not show substantialchanges
in the labeling of either PA or PIP.
Relationship between the 32P-labeling pattern and
[3H]IPsformation in retina
Of the PI cycle intermediates, PA was the most
sensitive to various agonist treatments (Table 2). These
changesin [32P]PAlevelswere comparedto the effectsof
agonistson IPs accumulation(Fig. 3). According to Fig.
3, agonists that were effective in increasing IPs
accumulationalso stimulated [32P]PAproduction in the
membranes.KA was the mostpotent glutamateanalog in
stimulating both intermediates, with QA and AMPA
n [ P A
80 r- q [3HIIPs/ [3HIPI(% Aovecontrol)
6 0
40
20
0
-20
T L..
I I I I I I I I
CARB GLU LAP-4 NMDA
FIGURE 3. Effects of agonists on Szp-labelingof pI cycle intermediates and [3H]IPsaccumulation. Data
shownin Tables 1 and 2 were plotted togetherto be compared.The figureshowsPA labelingonly, amongthe
numberspresented in Table 2.
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stimulatingto a lesser degree. On the other hand, L-AP4,
IBO, and ACPD had little or no significant effects on
either [32P]PAlevels or [3H]IPs accumulation.
Effect of agonist on [3H]ZPSformation in synaptoneuro-
somes
To avoid activating postsynaptic pathways, synapto-
neurosomes were prepared and used to determine the
effects of the glutamate analogs. Agonist effects on
retinal synaptoneurosomes are presented in Table 3.
GLY, NMDA, and L-AP4 had no significanteffects on
IPs formation. CARB and KA, on the other hand, were
the most effective agonists in stimulating the formation
of IPs. Both CARB and KA produced a 1.5- to 2-fold
increase in the ratio of [3H]IPs/[3H]PIover control (to
183% and 197%, respectively, of control levels). When
present together, CARB and KA showed an additive
effect on IPs formation (300%). COC12inhibited the
accumulationof IPs to 569Z0of controls. If either CARB
or KA were added in the presence of COC12,the
stimulator effects of these agonists were similar to
those obtained in the absence of COC12.The levels of IPs
in the absence and presence of COC12when CARB was
added were 183 and 187’%0,respectively, and when KA
was added were 197 and 240%, respectively.
D
Receptor subtype responsiblefor the activation of IPs
production by glutamate
It has been suggested that glutamate receptors utilize
phosphoinositides to generate second messengers via
G-proteinmechanisms(Nicolettiet al., 1988;Schoeppet
al., 1990; Miller, 1991; Baskys, 1992). In primary
cultures of mouse striatal neurons, glutamate stimulates
the formation of IPs, and among glutamate analogs, QA
was more potent than NMDA or KA (Sladeczek, et al.,
1985). Similarly, in other preparations, such as brain
slices (Nicoletti et al., 1986b; Schoepp & Johnson,
1988a,b) and brain synaptoneurosomes(Recasenset al.,
1987,1988),QA was the mostpotentglutamateanalog in
stimulating IPs production. Using a specific glutamate
receptor induced in Xenopus oocytes after injectionwith
rat brain mRNA, Sugiyama et al. (1989) have demon-
strated more directly the effect of QA on IPs formation.
Their results indicate that the effect of glutamate on IPs
formation is via a QA receptor subtypeand notvia KA or
NMDA subtypes.Among QA receptor agonists,AMPA
was not effective in elicitingIPs formation(Palmeret al.,
1988;Schoepp & Johnson, 1988a),while ACPD was the
most selective agonist (Monaghan et al., 1989).
Table 1 shows that IPs production in the retina was
increased by KA and, to a lesser extent, by QA and
AMPA. This effect of KA on PIP2 hydrolysis was
consistentwith that of KA in altering 32P-labelingof PI
cycle intermediates(Table 2). These results suggest that
the KA receptor is the most potent in stimulating IPs
formation in the retina. However, it is not clear whether
the effect is due to direct activationof the KA receptoror
due to polysynaptic activation through other receptor
type(s). When calcium was omitted from the reaction
solution to stop synaptic transmission,the KA effect on
IPs release was no longer present (data not shown).
However, polysynaptic activation of other receptor(s)
cannotbe ruled out since the lack of extracellularcalcium
may affect IPs production directly by inhibiting phos-
pholipase C activity (Gonzales & Crews, 1984; Kendall
& Nahorski, 1984; Nicoletti et al., 1986c, Gusovsk &
Daly, 1988;Chenet al., 1992).Osborne(1990, 1992)and
coworker(Osborne& Quack, 1992)reportedthe effect of
excitatory amino acids on phosphoinositidemetabolism
in rabbit retina.According to his study,QA was the most
effectiveexcitatoryamino acid agonist in stimulatingIPs
accumulation in both retinal slices and retinal cultures,
and he suggested that the retina has a specific
phosphoinositide-coupledQA receptor subtype. In our
study, therefore, it is possible that KA treatment
stimulated IPs production in frog retina indirectly via
the release of other neurotransmitters.Since L-AP4,IBO,
and ACPD treatments did not substantially alter phos-
phoinositide metabolism (Fig. 1), receptors specific for
these agonists are unlikely to be the phosphoinositide-
coupled receptors activated polysynapticallyby KA in
frog retina.
The glutamate agonist ACPD activates at least four
signal transductionmechanisms:
1. Activationof phosphoinositidehydrolysis(Desai &
Corm, 1990);
2. Inhibition of calcium conductance (Lester & Jahr,
1990);
3. Inhibition of adenylate cyclase (Schoepp et al.,
1992); and
4. Activation of adenylate cyclase (Winder & Corm,
1992).
Schoepp and coworkers (1992) have provided evi-
dence that inhibition of cAMP formation is linked to
ACPD receptor activation in rat brain slices. In addition,
this work shows that, depending on the isomer of the
agonist, ACPD will either activate phosphoinositide
hydrolysisor inhibit the activation of adenylate cyclase.
In brain slices, metabotropic glutamate receptors are
associatedwith the enhanced hydrolysisof phosphoino-
sitide and can be activated by glutamate, IBO, and QA
(Nicolettiet al., 1986b,c) but not by AMPA (Schoepp&
Johnson, 1988b). In mature brain, these stimulator
effects are antagonizedby D,L- or L-APO (Nicoletti et al.,
1986a;Schoepp & Johnson, 1988b).More recently, D,L-
2-amino-3 -phosphonopropionate (D,L-AP3) was shown
to be a selective antagonkt of IBO-stimulated phospho-
inositide hydrolysis in mature rat hippocampus (Schoepp
& Johnson, 1989). The action of each of these systems
may be the accumulative effects that k observed when
receptors are activated by ACPD.
The ineffectiveness of NMDA could be due to the
presence of MgC12which is known to block NMDA
receptors. The use of Mg2+-free solution will more
clearly reveal what role, if any, NMDA receptors might
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TABLE 3. Effect of agonist on [3H]IPsaccumulationin frog
synaptoneurosomes~
[3H]IPsx 100/[3H]PI % Control n
Control
CARB(100 HM)
KA (100 pM)
CARB+ KA
COC12(1 mM)
COC12i- CARB
COC12+ KA
GLY (10 /JM)
NMDA (50 PM)
GLY + NMDA
L-AP4(100 uM)
22.9~4.l
42.0+ 8.9
45.1t9.2
68.9? 5.1
12.8? 2.7
23.9* 1.6*
30.7~2.4”
21.9t3.0”
27.8*2.7”
28.6~3.6”
19.5io.7”
100
183
197
301
56
187$
240$
96
121
125
85
37
23
24
12
12
9
9
9
9
9
3
* P< 0 . 0 1 ,when compared to the correspondingcontrol group.
~Synaptoneurosomeswere prelabeled with [3H]inositolfor 60 min.
Agonist treatments were d o n ein the presence of 1.0mM LiC12.
Values, expressed as ratio of [3H]IPsto [3H]PI,are mean~SEM.
~CoC12(1 mM) was used as the control and set at 100%.
play in formation of phosphoinositides.Nicoletti et al.
(1988) proposed two types of metabotropic glutamate
receptors coupled to metabolism of PIs in primary
cultures of cerebella granule cells. One receptor is
activated by glutamate and NMDA, antagonizedby D,L-
2-amino-5 -phosphonovalerate (APV) and inhibited by
Mg2+.Another receptor is activatedby glutamateand QA
and is not affected by APV and Mg2+. In adult rat
hippocampus slices, IBO, QA and glutamate markedly
enhanced the metabolism of PIs, while NMDA and KA
were ineffective (Nicoletti et al., 1986b; Schoepp &
Johnson, 1988a).However, NMDA and KA inhibitedthe
stimulationof PIs hydrolysisby CARB and histamine in
hippocampus in the presence of Mg2+(Baudry et al.,
1986).Work by Itano et al., (1992)indicatesthe presence
of a novel class of metabotropic receptors in rat
hippocampus that prefer glutamate and NMDA and is
coupled with adenylate cyclase in an inhibitory manner
via pertussis toxin-sensitive GTP binding proteins.
However, the effects were antagonizedby APV but were
not inhibited by Mg2+.
To rule out the possibility that stimulation of IPs
formation may result from polysynaptic pathways,
synaptoneurosomes were prepared, and agonists were
added to determine their effects on IPs formation. KA
was again found to elicit the greatest effect. It stimulated
formation of IPs (Table 3) to the same level (two-fold)
over controlsas originallydeterminedwith whole retinas
(Table 1). This would indicate that the effect of KA was
due to direct activation of the KA receptor and not
through polysynaptic activation of other receptor types.
CARB acts in a similar manner through direct activation
of its receptor. When these two agonists were added
together, their effects resulted in an additive one,
indicating activation through separate receptors. When
COC12was used to uncouple synaptic transmission
(Thoreson & Miller, 1993), both CARB and KA were
still effective at about the same level (two-fold) when
compared to COC12as a control. The relative levels of
stimulationwere similar to those obtained in the absence
of COC12.This suggestsKA and CARB exert their effects
directly in these synaptoneurosomepreparations.Similar
resultswith COC12were obtained in whole retinas. Since
Table 1 compared to Table 3 shows no significant
changes, then all agonistswork directly on receptors and
not on polysynapticpathways.
Glutamateis a neurotransmitterof six major cell types
in the vertebrate retina, and various receptors for
glutamate have been identified.Thus, KA could activate
many cell types of the retina to induce the release of
many other neurotransmitters. Specifically, the KA
receptor has been shown to be present on some types of
bipolar, amacrine, and ganglion cells (Werblin &
Dowling, 1969; Kaneko, 1970; Dacheux & Miller,
1976; Massey, 1990) as well as horizontal cells (Wu &
Yang, 1991). Photoreceptors have been shown to use
glutamate as a neurotransmitter, and the two types of
bipolar cells, ON and OFF bipolar cells, also appear to
use glutamateas a transmitter.Both ON and OFF bipolar
cells may contact the same cone but show opposite
responses to glutamate released from the cone. OFF
bipolar cells are depolarizedin the presence of KA while
the glutamate analog, L-~4, induces the hyperpolar-
ization of ON bipolar cells (Redburn, 1988). As opposed
to KA, L-AP4 was not effective in IPs accumulation or
altering P1 cycle intermediate metabolism (Tables 1 and
2). Similar effects were observed using salamander
retinal synaptoneurosomepreparations(resultssubmitted
for publication). Therefore, the release of IPs may not
play a major role in cone to ON bipolarcell transmission.
Relationship between stimulated IPs production and
turnover rates of PI cycle intermediates
When frog retinal membranes were incubated with
[y-32P]ATP,32Pwas incorporated mainly into PI, PIP,
and PIP2, indicating the presence of DG, PI, and PIP
kinase activities in these membranes (Choe et al., 1990).
PhospholipaseC hydrolyzesPIP2to produceDG and IP3.
DG could then be phosphorylatedby DG kinase to form
PA. Table 2 shows that CARB, glutamate, and several
glutamate analogs alter the labeling pattern of PI cycle
intermediates. In general, treatment with these com-
pounds resulted in an increase in the radioactivityof PA,
while that of PIP decreased. However, the radioactivity
of PIP2 was not significantly affected by any of these
treatments. Mallows and Bolton (1987) reported that an
increase in formation of IPs is not necessarily accom-
panied by an increase in PA formation in smooth muscle
from guinea pig. In contrast, Fig. 3 shows that the
accumulationof PA radioactivityparallels the increase in
IPs production. As with the glutamate analogs, CARB
also caused increasesin both the radioactivityof PA and
the production of IPs. It is not clear whether these
treatmentshave a directeffect on DG kinaseactivity.The
most reasonable interpretation of these results may be
that, as PIP2hydrolysisincreases,more DG will become
available for phosphorylation to form PA. Under
conditions used in this study, the labeling of PA could
be used as an indicator of IPs release. The one-
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dimensional TLC method used in this study for the
separation of phosphoinositide is much faster than
methods generally used for the separation of IPs.
Therefore, for preliminary studies, the analysis of PA
radioactivity may be a convenient way to detect PIP2
hydrolysis.
In conclusion,our results show that glutamate and its
agonists affect not only the hydrolysisof phosphoinosi-
tides but other steps of the PI cycle as well. CARB and
KA were most effective in stimulatingthe productionof
IPs and their effectswere exerteddirectlyand not through
postsynaptic pathways. Since ACPD, IBO, and QA are
agonists for phosphoinositide-coupledmetabotropicglu-
tamate receptor subtypes, the ineffectiveness of the
nonselectiveagonistIBO and the selectiveagonistACPD
indicate metabotropic glutamate receptors are not
coupled to phosphoinositidemetabolismin the retina.
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